Abstract: Black liquor, a valuable by-product of the pulp production process, is used for the recovery of chemicals and serves as an energy source for the pulp mill. Before entering the recovery unit, black liquor runs through several stages of evaporation, wherein the solids content (SC) can be used to control the evaporation effectiveness. In the current study, the time-domain nuclear magnetic resonance (TD-NMR) technique was applied to determine the SC of black liquor. The TD-NMR system was modified for flowing samples, so that the black liquor could be pumped through the system, followed by the measurement of the spin-spin relaxation rate, R 2 . A temperature correction was also applied to reduce deviations in the R 2 caused by the sample temperature. The SC was calculated based on a linear model between the R 2 and the SC values determined gravimetrically, where good agreement was shown. The online TD-NMR system was tested at a pulp mill for the SC estimation of weak black liquor over seven days without any fouling, which demonstrated the feasibility of the method in a harsh industrial environment. Therefore, the potential of the TD-NMR technology as a technique for controlling the black liquor evaporation process was demonstrated.
Introduction
Black liquor is a major by-product of chemical pulp production [1] . It helps to establish economically effective pulp mills, because during the chemical recovery cycle, black liquor is used as an energy source for the pulp mills, as well as the source for inorganic process chemical recovery and reuse [1] [2] [3] [4] .
In the case of the kraft process of turning wood into wood pulp, the cellulose fibers are separated from other components during digestion in aqueous solutions of sodium hydroxide and sodium sulfide at elevated temperatures and pressure [1, 2] . Expended cooking liquor is called black liquor, and it contains organic and inorganic compounds, as well as water [1, 5, 6] . The organic part is characterized by the degradation products of wood, such as lignin, polysaccharides (mainly hemicelluloses and carboxylic acids), and extractives (i.e., resins and fatty acids) [1, 5] . The inorganic part is mainly composed of soluble sodium salts [6] . There are also non-processing elements, which include, for example, potassium, chlorine, calcium, aluminum, silicon and iron ions, and these may originate from the initial raw materials, process water, make-up chemicals, waste streams, and/or equipment corrosion [1, 4, 7] . The chemical composition of black liquor is dependent on the origin of the raw fiber material and thus determines its physical properties. These properties include density, viscosity, rheological behavior, calorific heating value, and boiling point rise [1] . Understanding the physical properties of black liquor helps in predicting its behavior in the subsequent recovery processing [1] . The solids content (SC), or total SC, is one of the key parameters used to control the evaporation process, and it is used to estimate its efficiency.
The analytical techniques of the process can be characterized by the method of measurement as off-line, at-line, in-line, or online types [8, 9] . In the off-line methods, the samples are collected from the process and are analyzed in the laboratory. For the at-line techniques, the analyses are made in close proximity to the process. Whilst for the online processes, the analytical equipment is connected to the process line, for example, using a bypass loop [9] . The sample is automatically delivered to the probe. Finally, using the in-line techniques, the analytical instruments do not require any sampling or connecting lines to transfer the sample [9] . These probes can be directly immersed into the process, wherein optical probes are typically used in the in-line techniques [9] .
Traditionally, measurement of the SC is performed gravimetrically by drying at 105 • C [10] until a constant weight is reached. Although the technique is simple and robust, it is also time-consuming [2] and requires several sample preparation steps [2] , such as the dilution of concentrated liquors and the addition of sand to the samples. Consequently, this gravimetric method is rarely automated or implemented in the online monitoring. Other methods, such as thermogravimetric analysis, differential scanning calorimetry, and multiple headspace extraction gas chromatography, have shown reliable results and were proposed as alternatives to the traditional methods of SC measurement [2, 11] . Despite allowing much shorter analysis times, these off-line techniques are considered costly.
Online and in-line measurements of the physical properties of different constituents in the kraft pulping process can be performed using optical methods, such as refractometry [12] and Fourier transform near-infrared spectroscopy (FT-NIRS) [13, 14] . The main disadvantage of such methods is that the probes of the optical devices require regular cleaning. Fouling and a consequent reduction in the efficiency of the evaporators and the measuring equipment may occur due to scaling formation [2, 6] . Another way to control the process of evaporation online is to measure the density or viscosity of the black liquor. Online viscometers have been tested in pilot mills, and an overview of their performances is provided in References [15, 16] . However, there is still a need for an online viscometer that can be installed permanently in the mill [17] .
Few papers have been devoted to the application of time-domain nuclear magnetic resonance (TD-NMR), for the analysis of black liquor [15, 16, 18] . Citing the revealed correlations between several NMR relaxation parameters (Free Induction Decay (FID) magnitudes, spin-lattice T 1 , and spin-spin T 2 relaxation times) and SC and viscosity [15, 18] , TD-NMR has been considered a potential industrial soft sensor for the viscosity and SC determination of black liquor [15, 18] . However, a general relationship between the NMR relaxation times and the viscosity of black liquors originating from different pulps has not been found [15, 18] . On the other hand, a general correlation between the FID magnitude and SC for several different pulps has been revealed in a narrow range of SCs [18] , although to the authors' best knowledge, there have been no further investigations of this finding.
Although the TD-NMR technique has not often been applied for online or in-line process analysis and control, the potential for online TD-NMR use has been shown in the laboratory [19] and in harsh industrial environments like mines [20] . TD-NMR systems for the online measurements of onboard ship fuel and for the online characterization of animal slurry have also been proposed [21, 22] . In the current work, the objective was to demonstrate the feasibility of online TD-NMR use in industrial environments and to apply the TD-NMR for the measurement of the SC of black liquor.
Materials and Methods

Process and Samples
Typically, in the kraft processes of wood, the black liquor initially obtained after digestion goes through multiple effect evaporators, where the SC is gradually increased due to water evaporation. Black liquors at different evaporation stages have different SCs and these can be classified as weak, intermediate, half-strong, or strong black liquors. Weak black liquor has the lowest SC of about 15-20%, whilst strong black liquor has the highest SC of approximately 65-75% [1] [2] [3] 6] , even reaching up to 80-85% [4] . Strong black liquor is the final concentrated liquor that is sent to a kraft recovery boiler for energy production and chemical recovery.
In the current work, we investigated samples of weak, intermediate, and half-strong black liquors that were collected at different process stages in a pulp mill. Strong black liquor was not included in the study because its properties, such as high viscosity and temperatures, made it difficult to pump through the online TD-NMR system. The SCs of the collected black liquors were determined gravimetrically after drying at 105 • C until a constant weight was reached:
where SC is the solids content expressed as a%, and w dry and w s are the weights of the dried solids and initial sample, respectively.
NMR Measurements
TD-NMR System
The online TD-NMR measuring system was developed based on a commercial TD-NMR analyzer as in Reference [23] . A schematic overview of the online TD-NMR system is given in Figure 1 . It consists of an electronic part and an NdFeB magnet system with a probe and a pump. The 1 H resonance frequency of the system was 26 MHz at 30 • C. The NMR probe was modified for the flowing samples using a Teflon tube with a 9 mm inner diameter. The electronic part included an NMR spectrometer, a compact computer, control units for the temperature of the magnet system, and temperature sensors. The sample temperature sensor was connected to the outer surface of the Teflon tube near to the NMR measuring volume. A peristaltic pump with thermoplastic silicon pipes was used to pump the samples through the system. Solenoid valves were installed within the inlet and outlet of the TD-NMR measuring system to avoid unnecessary movements of the sample during the measurements. The samples of black liquor were pumped from the pipes connected to the process batches and then returned back to the process after measurements.
Measurements and Data Analysis
The Carr-Purcell-Meiboom-Gill (CPMG) sequence [24, 25] was applied for the NMR magnetization decay measurements. The durations of the 90 • and 180 • pulses for the 1 H were 4 µs and 8 µs, respectively. The relaxation delay was 5 s, and the number of scans was equal to 4. The echo time was 3 ms, and the number of echoes was 600. The resonance frequency was tuned before each CPMG sequence was run.
As in the chosen settings, the NMR magnetization decays revealed only one component, and the NMR parameters were fitted to the decays using a mono-exponential function:
where A 0 is the maximal signal magnitude, R 2 is the spin-spin relaxation rate, and c 0 is the signal baseline. R 2 is the inverse of the spin-spin relaxation time T 2 .
Relative Standard Deviation
The relative standard deviation (RSD) was calculated as the ratio of the standard deviation (SD) to the mean value (x) of the data x i :
where n is the number of data points.
Results
Temperature Correction
A sample of each black liquor was pumped into the magnet system once, and the relaxation rates R 2 and the sample temperatures were measured during the sample cooling ( Figure 2) . Samples of the weak, intermediate, and half-strong black liquor were originated from different process stages and they had different process temperatures. The obtained dependences of the R 2 on the temperature T were described empirically by linear equations:
where a is the slope and b is the intercept. The temperature correction of the measured spin-spin relaxation rate R 2 was described by the model:
where R 2TC is the temperature-corrected spin-spin relaxation rate, T ref is the reference temperature, R 2 is the measured spin-spin relaxation rate, a is the parameter in Table 1 , and T is the measured sample temperature. 
Solids Content Estimation
The relationship between the SC and ln(R 2TC ) of the samples of black liquor was described by a linear function with a correlation coefficient r that was equal to 0.9997:
where R 2TC represents the temperature-corrected values from Table 2 . The SC as a function of ln(R 2TC ) is shown in Figure 3 . 
Online Test
The temperatures and the NMR spin-spin relaxation rates of the weak black liquor were measured continuously using an online TD-NMR system in a pulp mill for seven days. The temperature correction in Equation (6) was applied to these data. The reference temperature T ref was 60 • C. A moving average was also used for these data sets to smooth out the short-term fluctuations. The curves are shown in Figure 4a ,b, where we observed that T and R 2 are changing, especially at the beginning and after the fourth day of the online test. A demonstration of the temperature correction at the beginning of the online test is given in Figure 4c . The deviation in the R 2 value in Figure 4c was mainly caused by the temperature change. In Figure 4c , no moving average was used. Then, using the temperature-corrected R 2TC values, the estimation of the SC was performed using Equation (7). A one-hour moving average was applied to the SC values, and the SD values were calculated within each hour using the moving data. The resulting SCs and SDs of the weak black liquor are given in Figure 5 . 
Discussion
The SC is a key physical parameter of black liquor, where online measurement is important to control the process of its evaporation in a pulp mill. In the current work, the approach proposed for SC determination was based on the TD-NMR, which is a non-invasive, non-destructive, rapid, and robust technology that is suitable for online use.
According to the Bloembergen-Purcell-Pound (BPP) theory [26] , the NMR relaxation rates are dependent on the temperature of the sample. To neglect the effect of temperature on the measured spin-spin relaxation rates R 2 , a temperature correction can be performed as has been done, for example, by Webb et al. [27] . Figure 2 shows that the R 2 of black liquors is linearly dependent on the temperature T. The applied temperature correction effectively compensates for the deviations in the measured R 2 values, as shown in Figure 4 .
The estimation of the SC was based on the linear correlation between the temperature-corrected ln(R 2TC ) values and the SC that was measured gravimetrically in the laboratory (Figure 3 ). As only one component was discovered in the measured NMR decays, it was assumed that the measured R 2 was the result of a fast exchange of the 1 H of water and the dissolved solids in the black liquor. The correlation found between the SC and the ln(R 2TC ) was explained by the dependence of the viscosity of the black liquor on the SC [1, 6] , and of the R 2 on the viscosity of liquids [18, 19, 26, 28] . It has been shown in References [15, 18] that the spin-spin relaxation times T 2 , as well as the spin-lattice relaxation times T 1 , correlated well with the viscosity of the black liquors. However, creating a general model between the NMR parameters and viscosity of the black liquors was restricted by the dependence of the NMR relaxation times on the chemical composition, concentration of metal ions in the black liquors, and the non-Newtonian behavior of strong black liquor [15, 18] . The properties of black liquor from obtained each mill were different and dependent on a variety of factors [4] . Therefore, the models for the calculation of the physical parameters should be recalibrated for various pulp mills.
In the current work, we measured the R 2 of a black liquor of constant composition and checked how the TD-NMR system performed in a mill. Since the pH of the black liquors was high (for weak black liquor it was approximately 12), the paramagnetic metals that could be present in black liquors should be precipitated, and thus, they would not affect the NMR relaxation. Measurements were made using stopped flow, as such the flow rate and geometry did not influence the R 2 values [19, 20, 29] .
The online TD-NMR measuring system was installed in a pulp mill, and measurements of the spin-spin relaxation rates R 2 and the estimation using Equation (7) of the SCs of weak black liquor were made continuously over seven days ( Figure 5 ). The SCs and SDs were calculated based on a one-hour moving average to smooth out the short-term fluctuations. The average of ten relative standard deviations (RSDs) calculated for twelve repeated R 2 measurements of the same sample by the TD-NMR was 0.72%. The reported RSD of the standard method was 0.46% for a repeated SC analysis of the same sample [10] . Thus, the TD-NMR provides the same order of accuracy of R 2 measurements as the standard method.
The approach of estimating the SC of black liquor using the online TD-NMR is fast and almost gives the results in real-time. In contrast, the standard method for SC determination [10] is time consuming and cannot be performed online. Measuring the viscosity of black liquor is one way to control the process, although it is usually conducted offline, it requires sample gathering and additional calculations based on the calibration of the viscosity with the temperature. Online viscometers have been tested in pilot mills [15, 16] ; however, there are no such devices that can be installed permanently in the mills [17] . Optical methods, such as refractometry and NIRS, can be used at the pulp mills for the online analysis of constituents in the kraft process. However, the probes of the optical devices require continuous cleaning because of fouling. In contrast to the optical methods, TD-NMR is non-fouling, as the sample flows through the pipe and does not have any direct contact with the probe.
The online TD-NMR system has previously been demonstrated to be useful in liquid fuel analysis [19, 30] . Online measurements of the R 2 have shown the same order of accuracy as the R 2 measured conventionally in NMR tubes. The system was also used to perform online measurements of water during heavy metal precipitation in a real mine [20] , where the environmental conditions were rather harsh.
To the best of the authors' knowledge, the implementation of the TD-NMR in online measurements of black liquor at a pulp mill was carried out for the first time. TD-NMR and compact NMR spectroscopy are being considered for use as industrial sensors in the near future, owing to their many advantages, such as their non-fouling, non-destructive, rapid, and robust properties. However, some challenges still need to be overcome, including the pre-polarization time, cost of implementation, and low sensitivity [31, 32] . The results prove that TD-NMR may be used as a sensor in industrial processes, which is highly in demand given the current trends in digitalization and implementation of the Industrial Internet of Things [33] . The proposed system can be considered as an intelligent measurement system that can help to more efficiently control the evaporation of black liquor and the pulping process.
Conclusions
In the current work, the NMR spin-spin relaxation rate R 2 was used to analyze the SC of black liquor. A temperature correction was applied to minimize the deviations in R 2 caused by the temperature. Online continuous measurements of weak black liquor were made over seven days, wherein the feasibility of using the online TD-NMR system in the industrial environment of a pulp mill was demonstrated. The technique used is non-destructive and non-invasive, and it provides rapid and robust measurements with a similar accuracy of measurements as the SC determination using the standard method. It can be concluded that TD-NMR is a promising technology citing its industrial applications, and also that the online TD-NMR system can potentially be used as an industrial sensor, for example, to control the process of black liquor evaporation. 
